The striatum has a well documented role in procedural learning and memory. However, the synaptic and molecular mechanisms of acquisition and storage of this form of memory remain poorly understood. We examined procedural memory and plasticity in transgenic mice reversibly expressing a dominant-negative cAMP response element-binding protein (CREB) mutant in the dorsal striatum. In these transgenic mice, corticostriatal long-term potentiation and depression are abolished, indicating that CREB function is essential for bidirectional long-term synaptic plasticity in this structure. Importantly, CREB-deficient animals show reversible alterations in several forms of striatum-dependent memory, including footshock avoidance learning and "response" learning in the cross maze. These findings implicate transcriptional regulation by CREB family transcription factors in striatum-dependent information processing and provide the first clear correlation between procedural learning and memory and synaptic plasticity at the corticostriatal synapse.
Introduction
The mammalian nervous system contains multiple learning systems, which can be experimentally isolated from one another and are specialized for different behavioral contexts (Eichenbaum and Cohen, 2001; White and McDonald, 2002) . In particular, the dorsal portion of the striatum is involved in motor control and certain forms of procedural and instrumental learning, including stimulus-response (S-R) associations, skill acquisition, and habit formation, whereas its ventral extension, including the nucleus accumbens, is believed to be implicated in the reward mechanisms (White, 1997; Hyman and Malenka, 2001; Packard and Knowlton, 2002; Chao and Nestler, 2004) . Ventral and dorsal striatum likely compose an integrated functional structure and are implicated in a variety of diseases, including obsessivecompulsive disorders and addiction (Voorn et al., 2004; Wise, 2004; Everitt and Robbins, 2005) .
Transcription factors of the cAMP response element-binding protein (CREB) family, and the signaling cascades that regulate them, have been found to importantly contribute to memory consolidation both in invertebrates and in several areas of the mammalian brain. In the hippocampus, there is good evidence that CREB also participates in the protein synthesis-dependent late phase of synaptic plasticity, providing a plausible causal link between CREB-mediated transcriptional regulation, dynamic modulation of synaptic strength, and memory consolidation (Barco et al., 2003; Carlezon et al., 2005) . Stimulation of corticostriatal afferents, which can induce synaptic plasticity at this synapse, leads to activation of various transcription factors, including CREB (Sgambato et al., 1998) . However, no studies have so far examined the role of CREB family transcription factors in dorsal striatum-dependent synaptic plasticity and procedural memory formation. We explored this possible role in transgenic mice.
Materials and Methods

Subjects
Generation of str-KCREB transgenic mice has been described previously (Pittenger et al., 2002) . str-KCREB mutants and littermate controls were backcrossed for more than seven generations onto C57BL/6. For reversal experiments, 8-to 10-week-old males received doxycycline (dox) at 40 mg/kg in food (Bio-Serv, Frenchtown, NJ) for 2 weeks before the beginning of the experiment.
Characterization of transgene expression
The KCREB expression pattern was visualized by oligonucleotide in situ hybridization as described previously (Pittenger et al., 2002) . Western blotting was performed using Trizol extracts of dissected mouse striata and hippocampi probed with rabbit polyclonal anti-CREB antibody (1: 1000; Cell Signaling Technology, Danvers, MA).
Slices and recordings
Mice were killed via cervical dislocation and decapitated. Brains were quickly removed and immersed into ice-cold artificial CSF (aCSF) [composition (in mM): 126 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaHPO 4 , 26 NaHCO 3 , and 11 D-glucose] constantly bubbled with 95%O 2 /5%CO 2 to maintain the pH at 7.4. Sagittal sections (400 m) were cut with a vibratome and incubated for 1 h in a room temperature aCSF. Slices were then equilibrated for 5-10 min in aCSF, at 31 Ϯ 0.5°C, before electrode placement. Extracellular field EPSPs (fEPSPs) were sought from the dorsal striatum, nucleus accumbens, or CA1 region of the hippocampus. Baseline stimulation was at 3 Hz. Long-term depression (LTD) was induced in the dorsal striatum using a modified theta burst protocol, comprising six trains, each train consisting of 10 bursts at 5 Hz, and each burst consisting of four pulses at 100 Hz, with a pulse width of 0.4 ms and an intertrain interval of 20 s. Long-term potentiation (LTP) was induced in the dorsal striatum using the same tetanus paradigm, but in the absence of Mg 2ϩ ions in the aCSF perfusate. Nucleus accumbens LTP was expressed using the same tetanus paradigm, in the presence of Mg 2ϩ ions. Hippocampal LTP was expressed using a theta burst protocol consisting of three trains, each train consisting of 10 bursts at 5 Hz, and each burst consisting of four pulses at 100 Hz, with a pulse width of 0.4 ms and an intertrain interval of 20 s, in the presence of magnesium.
Behavioral assays: active avoidance
In a two-way shuttle-box (Ugo Basile, Comerio, Italy), light [conditioned stimulus (CS)] alternately presented in the two compartments preceded a 0.4 mA electric footshock [unconditioned stimulus (US)] by 5 s and overlapped it for 5 s. One hundred CS-US pairings were presented daily for 5 d; an "avoidance response" is a trial on which the animal escapes to the opposite compartment after presentation of the CS, before the US onset (Mazzucchelli et al., 2002) . There were no differences in nociception between genotypes at this shock intensity.
Cross maze. The maze consisted of four arms measuring 35 cm long and 6 cm wide, with transparent high walls (Passino et al., 2002) . Animals were maintained at 80 -75% of their free-feeding weight throughout the experiment. During training trials (four trials per day; 30 s intertrial interval; for 28 consecutive days excepting day 15) the north and west arms were closed; the east arm was baited with a food pellet, and animals were released from the south arm. On probe trials (days 15 and 30), mice were released from the north arm and had access to the unbaited east (scored as place learners) or west arm (scored as response learners).
Inhibitory avoidance. The inhibitory avoidance apparatus consisted of a small strongly illuminated compartment and a large dark compartment (Ugo Basile) (Mazzucchelli et al., 2002) . On the training day, each mouse was placed in the lighted compartment. As soon as the mouse entered the dark compartment, two consecutive footshocks (0.2 mA) were delivered with an intershock interval of 2 s. The time spent in the lighted side (step-through latency) on a subsequent exposure to the apparatus is the measure of "inhibitory avoidance." No differences in nociception were detected among groups.
Data analysis
For electrophysiological and behavioral experiments, statistical comparisons were made by using two-way ANOVA with genotype and time as factors of variation. Subsequent oneway ANOVAs were calculated after significant main effects of the two-way ANOVA. Scheffé test was used when post hoc comparison was required. In the case of the cross maze, 2 analysis was performed on probe trial data. In all cases, significance was set at p Ͻ 0.05. Analysis was performed with SPSS.
Results
str-KCREB transgenic expression in the striatum
We have previously generated several lines of mice reversibly expressing KCREB, a potent dominant-negative inhibitor of CREB family transcription factors, to investigate the role of these transcription factors in synaptic plasticity and memory formation (Pittenger et al., 2002) . In str-KCREB transgenic mice, in situ hybridization with a specific oligonucleotide probes demonstrated strong transgene expression in dorsal striatum; expression was moderate in olfactory tubercle, much lower in nucleus accumbens shell, and not detectable in accumbens core, hippocampus, or amygdala ( Fig. 1 A) . Importantly, transgene expression could be regulated with doxycycline administered in food ( Fig. 1 B) . Western blot analysis indicates that 5 d of doxycycline treatment completely shut down KCREB expression in the striatum, but transgene expression recovered after drug removal. No changes in CREB expression could be detected in the hippocampus at baseline or during doxycycline administration. Thus, str-KCREB transgenic mice allow a specific and regulated interference with CREB function in the striatum. str-KCREB mice show impaired bidirectional corticostriatal synaptic plasticity in the dorsal striatum Memory traces are likely to be formed through changes in synaptic strength. LTP and LTD are commonly used to probe the cellular events underlying this information storage (Martin et al., 2000; Malenka and Bear, 2004) . However, the relationship of synaptic plasticity in the striatum to its mnemonic functions has rarely been addressed (Mazzucchelli et al., 2002) . We therefore examined synaptic plasticity in str-KCREB mice.
We first tested corticostriatal LTD by recording field potentials in acute slices of mouse brain (Calabresi et al., 1992b) . Wildtype and str-KCREB mice showed identical basal synaptic transmission as demonstrated by an input/output curve determined across a range of input current (Fig. 2 A) . However, slices from str-KCREB mice stimulated with a theta burst stimulation (TBS) protocol showed markedly reduced LTD relative to those from sibling controls (Fig. 2 B) (two-way ANOVA; time-genotype interaction; F (1,9) ϭ 393.35; p Ͻ 0.0001). Subsequent one-way ANOVA confirmed that during the 60 min poststimulus period, str-KCREB slices did differ from the baseline ( post hoc Scheffé test; p Ͻ 0.0001) but only showed a transient, short-term form of plasticity. In fact, whereas wild-type slices produced LTD (48.1 Ϯ 0.89% of the baseline, for the entire 60 min poststimulus time period), str-KCREB slices failed to do so (92.6 Ϯ 1.5% of the baseline; str-KCREB vs wild-type; 60 min poststimulus period; post hoc Scheffé test, p Ͻ 0.0001).
In the absence of extracellular magnesium, the same theta burst stimulus (which now activates NMDA glutamate receptors more strongly) induces LTP at these synapses (Calabresi et al., 1992a) . We found LTP induction in the str-KCREB mutants also to be severely impaired (Fig. 2C) . Two-way ANOVA indicated a significant time-genotype interaction (F (1, 8) ϭ 78.0; p Ͻ 0.0001). Post hoc comparisons showed no statistically significant differences between the 20 min baseline and 60 min poststimulus period in str-KCREB mice (107.7 Ϯ 4.0% of the baseline, for the entire 60 min poststimulus time period; Scheffé test, p ϭ 0.83), whereas poststimulus LTP in wild-type animals was found significantly different from all other conditions (159.5 Ϯ 6.1% of the baseline, for the entire 60 min poststimulus time period; Scheffé test, p Ͻ 0.0001).
In situ hybridization data ( Fig. 1 A) demonstrated that transgene expression is predominantly in the dorsal striatum. However, this analysis is of limited sensitivity, and even low levels of expression in ventral striatal structures such as the nucleus accumbens shell could, in principle, perturb CREB function enough to have a physiological effect. Analysis of synaptic plasticity is a more appropriate probe of the physiological consequences of transgene expression at the functional level. We therefore examined corticostriatal plasticity in the accumbens shell. Corticostriatal LTP can be readily elicited in the ventral striatum, although similarities and differences between the molecular mechanisms of LTP in dorsal and ventral striatum remain mostly unresolved . A TBS protocol identical to that used for eliciting LTD in the dorsal striatum induces LTP in the accumbens shell, at physiological levels of magnesium. We found that corticostriatal LTP in accumbens slices from str-KCREB mice was indistinguishable from that seen in sibling controls (60 min poststimulus means in wild-type, 134.3 Ϯ 4.8%; in str-KCREB, 132.5 Ϯ 4.0%) (Fig. 3A) . As a final control, we induced LTP at the CA3-CA1 Schaffer collateral synapse (Fig. 3B) . As expected, given the absence of transgene expression in the hippocampus, we found normal hippocampal LTP in this structure (poststimulus mean responses in wild-type, 178.8 Ϯ 6.7%; in str-KCREB, 180.7 Ϯ 3.3%).
In conclusion, we found a specific impairment in bidirectional synaptic plasticity in the dorsal portion of the striatum. This finding supports the notion that CREB function in the dorsal portion of the striatum has a crucial role in both LTP and LTD.
Deficits in multiple trial procedural learning tasks in str-KCREB mice
The striatum is involved in various forms of instrumental conditioning, a type of procedural memory. In particular, the dorsal striatal circuitry is thought to be essential for S-R associations that tend to become automated over time and are thought to be encoded in procedural memory networks (Eichenbaum and Cohen, 2001; Packard and Knowlton, 2002) . To test the hypothesis that CREB inhibition in the dorsal striatum of str-KCREB mice may affect memory formation, we first applied behavioral tests characterized by S-R associations acquired through multiple repetitions. The active avoidance paradigm is conducted in a shuttle box (Mazzucchelli et al., 2002) . Over multiple trials, animals learn to associate a cue (a light) with an incipient shock and to avoid the shock by escaping to a neighboring chamber. Acquisition of this task has been shown through lesion studies to depend on the dorsal striatum, although other structures, including the nucleus accumbens and the amygdala, also participate (Schutz and Izquierdo, 1979 ) (for review, see Fasano and Brambilla, 2002) . str-KCREB animals showed attenuated learning in this task, relative to littermate controls (Fig. 4 A, left panel) . Two-way ANOVA for repeated measures showed a significant day-genotype interaction (F (1,51) ϭ 11.77; p Ͻ 0.001). Transgenic animals avoided the cued shock less often than littermate controls (oneway ANOVA; F (1,51) ϭ 7.47, p Ͻ 0.01 on day 4; F (1,51) ϭ 11.48, p Ͻ 0.001 on day 5). However, when transgene expression was turned off with doxycycline in adult animals before training, str-KCREB animals and littermate controls performed equivalently (Fig. 4 A, right panel) .
Although active avoidance depends on the striatum and is acquired over multiple trials, it is a problematic task to interpret, because it also depends on multiple other cortical and subcortical structures. It also requires a potent aversive stimulus, a footshock. We therefore investigated the performance of str-KCREB mice in another test, the cross maze, in which the relative contribution of the dorsal striatum is unambiguous (Packard and McGaugh, 1996) (for review, see Packard and Knowlton, 2002) . In this task, animals learn to locate a food reward, placed in the east arm, using either a "place" strategy, which is hippocampus dependent, or a "response" strategy, which is striatum dependent.
The strategies are dissociated during a probe trial in which the start location is rotated 180°(from the south to the north arm), such that the two strategies will yield opposite search behaviors. We predicted that, if str-KCREB mice are deficient in striatum-dependent learning, they should be biased toward the spatial strategy.
We tested str-KCREB mice and littermate controls in a version of this task modified for mice, which show relatively little procedural learning in the task as originally described (Passino et al., 2002) . In our protocol, both north and west arms were closed during training, to facilitate the formation of procedural memory. After 14 d of such training (probe trial at day 15), both transgenic and wild-type mice showed a marked preference for a "place" strategy, without differences between genotypes, consistent with intact hippocampal circuitry in the str-KCREB mutant mice (Fig. 4B , left panel) (wild-type vs transgenics: 2 ϭ 0.86; p ϭ 0.35). However, after an additional 14 d of continuous training, a second probe trial (day 30) showed that 48% of wild-type animals now used a "response" learning strategy, whereas str-KCREB mice remained strongly biased toward the place strategy (Fig. 4B , right panel) (wild-type vs transgenics: 2 ϭ 3.95; p Ͻ 0.05). Together, these results demonstrate that str-KCREB mice manifest profound deficits in two forms of striatum-dependent procedural learning that rely on distinct stimuli and behavioral outputs.
Long-term procedural memory is impaired in str-KCREB mice
Active avoidance and response learning in the cross maze share the property of being acquired over many training trials. Although this characteristic makes them good models of procedural learning, which is often a gradual process, it renders it impossible to dissociate initial learning from consolidation of learned information and long-term memory. In other studies of transcription factors thought to be involved in memory consolidation, it has been possible to test animals in tasks in which learning occurs in a single trial, such as fear conditioning. This permits testing at different defined intervals after training, allowing dissociation of learning from long-term memory. We sought an analogous way to make this dissociation in striatumdependent learning str-KCREB mice.
Inhibitory avoidance learning depends on multiple cortical and subcortical structures, including both dorsal and ventral striatum as well as hippocampus and amygdala (Prado-Alcala et al., 1975 ) (for review, see Fasano and Brambilla, 2002) . Because learning occurs in a single trial test, and despite some interpretive difficulties shared with active avoidance, it allows dissociation of effects on short-and long-term memory. Animals are placed in a lighted arena with free access to a darkened compartment. When they enter the dark compartment, they receive an aversive footshock. Their subsequently increased latency to enter the darkened compartment is a measure of their learning the association between that chamber and the aversive stimulus (Mazzucchelli et al., 2002) . str-KCREB mice learned this task equivalently to sibling controls: both groups showed significantly increased latency 1 h after training (two-way ANOVA learning effect; F (1, 22) ϭ 241.45; p Ͻ 0.0001) with no significant difference between them (Fig. 4C ) (genotype effect; F (1, 22) ϭ 0.94; p ϭ 0.34). However, in a separate cohort of animals tested 24 h after pairing, str-KCREB animals showed significantly impaired memory relative to sibling controls (two-way ANOVA genotype effect; F (1,58) ϭ 33.13; p Ͻ 0.0001), and relative to the performance of str-KCREB animals at 1 h ( p Ͻ 0.01). When transgene expression was turned off with doxycycline before training (Fig. 1 B) , a third group of mutant animals remembered normally at 24 h (Fig. 4C) .
These data indicate that the behavioral impairment associated with CREB inhibition in the dorsal striatum is likely linked to the inability of these mice to consolidate procedural memories. This effect may also underlie the impaired performance in more gradually acquired paradigms such as active avoidance and the cross maze.
Discussion
In sum, we have been able to attenuate the function of CREB family transcription factors in dorsal striatum through expression of a dominant-negative CREB mutant, KCREB. These animals have a specific deficit in distinct forms of striatumdependent procedural learning, without showing deficits in either motor learning on the rotarod or in spatial learning in the Morris water maze (data not shown). Furthermore, the mutant animals show a marked deficit in both LTP and LTD at the glutamatergic corticostriatal projection.
Whereas the role of the dorsal striatum in cognitive processes is increasingly appreciated, the cellular and molecular mechanisms of striatum-dependent procedural learning are poorly understood. Although corticostriatal synaptic plasticity has been extensively investigated, its relationship to striatum-dependent procedural learning remains unclear.
One obstacle to clarifying this relationship has been the difficulty of identifying clearly dorsal striatum-dependent learning tasks. This contrasts, for example, with the clear role of the hippocampus in spatial learning in the Morris water maze and of the amygdala in fear conditioning. The attenuation of active avoidance learning, for example, could result from alterations of any of several learning-related subcortical structures and thus would be difficult to interpret in isolation. In this context, our finding of a response-learning deficit in the cross maze is of particularly importance. This task is critically regulated by the dorsal striatum: dorsal striatal lesions or reversible inactivation impair the procedural learning component, whereas infusion of glutamate or other neuronal activators enhances it (Packard and McGaugh, 1996; Packard, 1999; Yin and Knowlton, 2004) .
The specificity of the learning deficit that we observed is further emphasized by the specificity of KCREB transgene expression, which is not found in hippocampus, amygdala, or other structures outside the basal ganglia that might complicate interpretation of behavioral phenotypes. Moreover, the reversibility of the active and inhibitory avoidance phenotypes demonstrates that they do not derive from irreversible consequences of CREB disruption such as neuronal death or alterations in neural development.
The idea that memory changes in these tests are linked to dorsal striatal function is also supported by the electrophysiological data. We see profound deficits in both LTP and LTD at corticostriatal synapses in the dorsal striatum, but not in the accumbens shell. Multiple, mechanistically overlapping forms of synaptic plasticity can coexist at a single synapse, and it is not clear how to measure LTD or LTP to best model the processes that are involved in vivo in information storage during striatumdependent procedural learning. The deficit in synaptic plasticity that we see in these animals is thus best interpreted conservatively, as showing merely that mechanisms involved in the regulation of synaptic strength are not functioning normally in dorsal striatum. However, the extent of the deficit in bidirectional synaptic plasticity in these standard experimental paradigms is striking, and clearly consistent with a causal link between information storage at this synapse and dorsal striatum-dependent learning.
A number of studies have implicated CREB family transcription factors in various forms of learning and memory, although the generality of the CREB-plasticity-learning linkage beyond the hippocampus remains unclear (for review, see Barco et al., 2003; Carlezon et al., 2005) . Even in the hippocampus, for which experimental support for a causal association between CREBmediated transcription and learning is relatively clear, disruption of CREB activity produces a deficit in synaptic plasticity that is remarkably subtle (Pittenger et al., 2002; Huang et al., 2004) . Our data provide strong new support for the generality of this causal link to other structures in the mammalian brain.
Together, although no single correlation can indubitably confirm a causal relationship, these experiments provide the first evidence connecting gene transcription, corticostriatal synaptic plasticity, and striatum-dependent procedural learning.
